Abstract. Invasion of skin by schistosome cercariae is facilitated by a serine protease secreted from the acetabular cells of cercariae in response to skin lipid. Specific inhibitors of the protease, when applied to human skin in formulations designed to retain the inhibitor on and in the upper stratum corneum layers, block cercarial invasion of human skin. Both peptide-based, irreversible inhibitors and non-peptide, reversible inhibitors block cercarial invasion when applied in a propylene glycol : isopropyl alcohol (3:1) formulation in vitro. Arrest of cercarial invasion could be achieved even after immersion of treated skin in water for 2 hr. Peptide-based irreversible inhibitors in the presence of three different Topicare Delivery Compounds optimized arrest of cercarial invasion. The three Topicare Delivery Compounds applied alone prevented 80-100% of cercarial invasion. With inclusion of the inhibitor, there was 97-100% inhibition in vitro. The optimal formulation with inhibitor was then applied to the tails of BALB/c mice, and the mice were exposed to 120 cercariae by tail immersion. With the carrier lotion alone, there was a 50% reduction in worm burden and a 70% reduction in egg burden. When inhibitor was included, an 80% reduction in worm burden and a 92% reduction in egg burden was observed.
The initial step in infection of the human host by schistosome cercariae is penetration of intact skin by aquatic cercariae. 1, 2 Attempts to develop a topical formulation to prevent penetration of cercariae date back more than 30 years. 3 More recently, niclosamide, a cercariacidal compound identified from the antimalarial database, was tested in field. 4, 5 Some efficacy against Schistosoma mansoni, but not S. haematobium, infection was found, but this was insufficient to warrant a recommendation for widespread use.
Penetration of skin is facilitated by secretion of a potent serine protease (aka cercarial elastase) from acetabular cells (aka ''glands'') in the ''head'' (body) of cercariae. In previous work, we defined the substrate specificity of this enzyme, and optimized peptide and non-peptide inhibitors by computer analysis of a model of the enzyme active site. Potency of these inhibitors was confirmed by direct biochemical assays, 6, 7 and irreversible tetrapeptide chloromethyl ketone inhibitors blocked cercarial invasion in vitro when applied to skin as a dimethyl sulfoxide (DMSO) solution. 6 In addition to new information on the biochemical basis of cercarial invasion, there have been significant advances in the development of lotions to optimize delivery of drugs to skin. [8] [9] [10] [11] [12] In the present study, we now optimize the carrier formulation for the inhibitor to enhance application to the skin and retention in an aqueous environment.
MATERIALS AND METHODS
Schistosoma mansoni life cycle. The Puerto Rican strain of S. mansoni was used in these studies. Details of the maintenance of the life cycle and the collection of cercariae from infected snails have been published previously. 13, 14 Cercariae were used for skin penetration experiments immediately after shedding from snails.
Serine protease inhibitors. All chloromethylketone tetrapeptide inhibitors were obtained from Enzyme Systems Products (Dublin, CA). Naphthol blue black was obtained from the Aldrich Chemical Company (Milwaukee, WI) and 2-(4-methoxybenzoyl)-1-naphthoic acid was obtained from the Sigma Corporation (St. Louis, MO).
Application formulations. Inhibitors were initially tested with human skin in a 50% DMSO/water solution (v/v). The DMSO was obtained from the Fisher Chemical Company (Fair Lawn, NJ). An isopropyl alcohol (Mallinkrodt, Phillipsburg, NJ) and polyethylene glycol (Aldrich Chemical Company) formulation was prepared as 3:1 propylene glycol : isopropyl alcohol (IP/PG 1:3). The Topicare Delivery Compounds (Penederm, Inc., Foster City, CA) were first prepared as inhibitor in 50% DMSO/water stock solutions, to which was added 10% Topicare Delivery Compound (v/ v).
In vitro invasion assay using human skin. Lower extremity or abdominal human skin samples were harvested from autopsy or surgical pathology specimens at the Anatomical Pathology Service, Veteran's Administration Medical Center (San Francisco, CA). Subcutaneous fat was removed and the skin was placed between two plastic chambers or in strips over wells of a 24-well tissue culture dish (Costar, Cambridge, MA). In the wells beneath the skin, tissue culture media (RPMI 1640) was added and warmed to 37ЊC in a water bath to create a thermal gradient. Three thousand cercariae in water were introduced into the upper chamber. Formulations were applied to the surface of skin using a gloved finger or Q-tip (Cheseborough-Ponds, Greenwich, CT). In the case of formulations containing alcohol or DMSO, the solvent was allowed to evaporate for 30 min before application of cercariae. Controls included 50% DMSO/water, application lotion alone, and untreated skin. Following introduction of cercariae, the plates were incubated for 2 hr in a water bath at 37ЊC. The water containing cercariae was then removed, and the skin was cut into 1-mm strips and fixed in 10% phosphate-buffered formalin. Following routine embedding in paraffin, 16-20 histologic sections were prepared and stained with hematoxylin and eosin to identify and quantitate organisms that had penetrated the skin. 6 Only cercariae invading below the ''bas- ketweave'' keratin into the epidermis or dermis were scored. After 2 hr under these conditions, 90% of the cercariae that have invaded are in the mid-to lower epidermis or at the dermal/epidermal basement membrane. Approximately 10% are in the dermis. Standard deviations and means reported were from 3-4 independent assays in which 16-20 sections from each were analyzed.
Assay of worm burden and egg burden in mice exposed to cercariae with and without application of inhibitors. The formulation was applied to the tails of sevenweek-old BALB/c mice using gloved fingers. Mice were then exposed by tail immersion to 120 cercariae for 30 min. Seven weeks later, the mice were killed, and worm burden and egg burden were determined as described previously. 15 Briefly, adult worms were perfused from the liver and counted, and the liver tissue was digested with 0.7% trypsin/phosphate-buffered saline to release eggs, which were counted in a hemocytometer. Egg burden was calculated per gram of liver tissue.
RESULTS

Application of reversible inhibitors in DMSO.
In previous work, we identified both irreversible tetrapeptide inhibitors and reversible non-peptide inhibitors of the cercarial protease. 6, 7 The reversible inhibitors, which were selected from the Fine Chemicals Directory (Molecular Design Limited, San Leandro, CA) following computer graphics analysis of the enzyme active site, had K i s that were comparable (3-6 M) with that of the irreversible tetrapeptide inhibitors (1-12 M) . To confirm that the reversible inhibitors also block cercarial invasion of the skin, they were applied to human skin in the same 50% DMSO/water solution used previously. The skin was then exposed to 3,000 cercariae in water for 2 hr. At this time in control (untreated) samples, most cercariae have invaded into the lower epidermis, often up to the dermal/epidermal basement membrane. Figure 1 shows that naphthol blue black and 2-(4-methoxybenzoyl)-1-naphthoic acid blocked cercarial invasion 70% and 94%, respectively. However, the concentrations of the reversible inhibitors needed to achieve inhibition comparable to that of the tetrapeptide chloromethyl ketones was 10 mM for the former versus 50 M for the latter. 6 Two possible explanations for this difference are either that the peptide chloromethyl ketone inhibitors are more effective because they are irreversible, time-dependent inhibitors or that there were differences in solubility and bioavailability of the different classes of inhibitors when applied to skin.
Application of inhibitors in a propylene glycol/isopropyl alcohol formulation. While application of compounds to human skin in DMSO resulted in effective blockade of cercarial penetration, there would be potential drawbacks to the use of DMSO in field trials. A propylene glycol/isopropyl alcohol (3:1) formulation would potentially enhance stability of compounds in skin with aqueous exposure, as well as minimize systemic absorption of inhibitors. Figures 2 and  3 show that the propylene glycol/isopropyl alcohol formulation without inhibitor served as a significant mechanical blockade to cercarial invasion on its own (50-65% inhibition). This was true even when the formulation was applied 30 min before exposure to cercariae to ensure that all isopropyl alcohol evaporated. Adding the protease inhibitors increased inhibition of invasion to 68-75%. The reversible inhibitors at 10 mM were equivalent to the chloromethyl ketone peptide at 100 M. Ninety-six percent inhibition of larval invasion could be achieved if the naphthol blue black reversible inhibitor was applied at its solubility limit of 30 mM.
Because the tetrapeptide inhibitor Suc-Ala-Ala-Pro-Phe-CK was the optimal agent in both types of applications (DMSO or IP/PG 1:3), it was combined with three different Topicare Delivery Compounds (polyol prepolymer-2, polyol prepolymer-14, and polyol prepolymer-15). These compounds are used to facilitate the cutaneous deposition and retention of co-administered agents applied topically. Figure  4 shows that application of these compounds alone had a significant effect on the ability of larvae to invade skin. In the case of polyol prepolymer-2 (pp-2) and polyol prepolymer-15 (pp-15), complete or nearly complete inhibition of larval invasion in the in vitro assay was achieved with these polyols alone. Thereafter, the effect of the inhibitor was apparent only in the more rigorous animal model. With pp-14, addition of the inhibitor clearly enhanced blockade of larval invasion in vitro (Figure 4) .
The optimal combination of polyol prepolymer-2 plus the chloromethyl ketone-derivatized tetrapeptide was then tested in an animal model. The formulation was applied to tails of BALB/c mice, and mice were then exposed to 120 cercariae for 30 min. Seven weeks later, the mice were killed and worm burden and egg burden were determined. Figure 5 shows that the number of worms ranged from eight to 29 in untreated animals (mean Ϯ SD ϭ 15 Ϯ 7), 1-21 with polyol prepolymer-2 alone, but only 0-11 with inhibitor in the formulation (mean Ϯ SD ϭ 4 Ϯ 4). Egg burden decreased from a mean of 1,224 in controls to 91 in inhibitor-polyol prepolymer-2 lotion-protected animals. DISCUSSION Previous work showed that specific serine protease inhibitors applied to skin in DMSO could block cercarial invasion. 6 These results supported the hypothesis that a secreted serine protease (aka cercarial elastase) was necessary for cercariae to lyse epidermal cells and degrade connective tissue and basement membrane macromolecules to facilitate their migration to the host bloodstream. 2 That arrest of invasion was due to inhibition of the serine protease was supported by the fact that inhibitors of very different structure and chemistry could produce the effect as long as they were specific and effective inhibitors of the enzyme. 6 No effect of inhibitors on cercarial motility or attachment was noted. 6 In the present study, we have shown that inhibitors can be applied to skin in formulations used for application of insecticides, other drugs, and cosmetics. [9] [10] [11] [12] These formulations improve on previous applications using DMSO alone in that they can ensure delivery of the inhibitors to the epidermal layer of skin, minimize systemic absorption, and enhance retention in water. The effect of inhibitors was maintained for at least 2 hr of water exposure. In the in vitro human skin assays (Figures 2, 3, and 4) , both the IP/PG 1: 3 and especially the Topicare formulation alone produced a significant barrier to cercarial invasion. Only in the more rigorous test on mice was it clear that addition of inhibitor gave added protection (compare Figures 4 and 5) .
Further studies are underway to survey available protease inhibitors to identify the most effective and least toxic. Achieving 100% arrest of cercarial invasion would not be necessary to have a significant impact on morbidity and transmission. The present study suggests that inhibitors can be applied to the skin of mice in concentrations necessary to block cercarial invasion without any signs of toxicity either locally or systemically. Because of the low cost and simple synthesis of small molecular weight serine protease inhibitors, and their ease of application, an inhibitor-containing lotion could provide a cost-effective tool in efforts to control schistosome infection in endemic areas. The observation that protease inhibitors will arrest cercarial invasion also suggests the possibility of combining the protease inhibitors with a cercariacidal agent to produce even more effective blocking formulations.
